Already more than a decade before the development of superconducting nanowire single-photon detectors (SNSPD) for the optical and near-infrared wavelength range, serious efforts had been undertaken to adapt this detection principle for X-ray photons with keVenergies. 1, 2, 3, 4 However, these preliminary X-ray detectors struggled with latching, making it difficult to operate them as self-recovering detectors in which superconductivity recovers after photon detection events (called continuous operation mode in this letter). The need to externally reduce the bias current to a value low enough for superconductivity to recover after a detection event results in long dead times and limits the count rates.
Very fast and sensitive X-ray single-photon detectors from superconducting nanowires would be very interesting for applications where very high count rates, precise timing, a good signal-to-noise ratio and response in a wide spectral range for photon counting are required.
Potential applications comprise experiments with synchrotron X-ray sources, free-electron lasers and hot plasmas (as in nuclear fusion experiments), all emitting bright and pulsed X-ray radiation. In many medical imaging systems ultrafast X-ray single-photon detectors with energy resolution are desirable in order to reduce patient radiation dose. In the recently developing photon-counting X-ray computer tomography for example, long detection pulse durations can compromise the image quality by a possible overlap of succeeding photon pulses, as high photon fluxes have to be used in order to prevent motion blur. 5 Recently, SNSPDs 6 and superconducting stripline detectors (SSLDs) 7, 8, 9 ,10 with superconducting film thicknesses of up to 50 nm were reported to be used in continuous mode for time-of-flight mass spectrometry (TOF-MS) of molecules with keV-energies, and ultrafast pulse recovery times and pulse rise times down to 380 ps ± 50 ps were reported.
of photon signal events, normalized to the number of photons crossing the active detector area. It is very likely, however, that this indirect detection principle for X-ray photons results in an increased timing jitter compared to optical photon detection, due to the random nature of the energy diffusion processes to the superconducting meander structure after photon absorption and the depth distribution of the absorption event. In order to enhance the absorptance of the superconducting detector and therefore promoting a more direct detection principle, we fabricated X-SNSPDs from a 100 nm thick niobium film. The absorptance of a 100 nm thick layer of niobium is 2.7% for 6 keV photons, and 0.23% for 30 keV photons.
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A niobium film of 100 nm thickness was grown at room temperature by DC magnetron sputtering in an Ar atmosphere on R-plane cut sapphire substrates. The critical temperature T c of the as-grown film was 8.9 K. From this film X-SNSPDs were fabricated using electronbeam lithography of a multi-layer ZEP520A resist and reactive ion etching, mostly adapting previously published fabrication recipes. 14 After fabrication, the detector showed a critical
. Fig. 1(a) shows an optical image of the X-SNSPD with which the measurements in this report were performed. The meander covers an area of 131 x 55 µm This detector geometry ensures that the detector has a kinetic inductance small enough to allow for ultrafast recovery times, 15 and is large enough to reduce problems with latching as previously reported, The X-SNSPD was irradiated by X-ray photons through a 100 µm thin window of polyimide (Kapton) at the cryostat, in order to minimize X-ray attenuation. A second window of 1 µm thin aluminum was installed at the 4K-heat shield to minimize thermal radiation.
Two qualitatively different X-ray sources were used: A tungsten-target X-ray tube with a maximum acceleration voltage kV
and a radioactive Fe-55 isotope source with an activity of 3.7 GBq, which emits photons with well defined energies around 6 keV. The emission characteristics of the X-ray sources and the geometry of the experimental setup allowed a homogeneous irradiation of the X-SNSPD by both sources. . The pulse amplitude A is defined as the absolute value of the first pulse minimum (shown in Fig. 1 is extracted from our measurements. This simple estimate cannot be applied for the detection of X-ray photons in thin-film SNSPDs, where photon detection was only reported down to relatively high bias-currents of the order of 70% I c , 12 as only a part of the photon energy is expected to diffuse into the superconducting meander after photon absorption in the substrate.
A second estimate for the threshold of results in a vanishing reduced bias current threshold, as the hot-spot is expected to cover the whole cross-section. A more detailed look at the absorption process (see below) shows that this is a very crude approximation. On the other hand, the observed reduced bias current threshold results in a hot-spot radius of nm 120 0 ≈ r . However, the actual reduced bias current threshold could be even lower as observed, as the count rate will also decrease for lower bias currents due to a decreasing signal amplitude while keeping the trigger level constant. Therefore this calculated hot-spot radius 0 r is only a lower limit, and the actual hotspot could as well cover the whole cross-section.
Above a reduced bias current 5.5% / c bias ≈ I I , the device cannot be continuously used for X-ray photon detection, as the photon-induced normal conducting domain does not recover its superconducting state due to self-heating. This latching effect 16, 25, 26 . Also, the typical energy required for a single vortex to overcome the edge barrier is proportional to the film thickness, 28 thus reducing the probability to exceedingly small values for all three fluctuation events considered to contribute to the dark-count rate in thin-film SNSPD. , keeping the relative photon energy distribution constant. 29 This dependence shows a linear behavior, and we therefore conclude that the X-SNSPD detects in single-photon mode. 30 The sample pulses in Fig. 1(b) show that the amplitudes A of different pulses vary significantly, much more than in the case of SNSPDs. 31 In Fig. 2 Van Vechten et al. 33 examined in detail the processes which happen after absorption of a keV-photon in niobium: Initially, the X-ray photon energy is transferred to a primary photoelectron, which then scatters inelastically to produce secondary electrons causing the path of the primary to be irregularly kinked. The distance the primary electron will have travelled before becoming indistinguishable from the other electrons in the system (called primary range) depends on its initial energy, and is estimated to be about 170 nm for 6 keV This timescale is orders of magnitude longer than the time necessary for the primary to lose its energy. Hence, the emerging hot-spot (in which superconductivity is destroyed) will not have a spherical shape in most cases, as assumed by the hot-spot model by Gabutti et al. 1 discussed above, but rather the shape of a growing quasiparticle cloud along the random paths of the primary and secondary electrons.
Our examined meander is 100 nm thick and nm 0 25 ≈ wide, which is of the same order of magnitude as the primary range of a 6 keV photoelectron given above. Assuming a photon is absorbed in the meander, different fractions of its energy will therefore be absorbed in the meander for different absorption events due to the random primary path (even for identical absorption points). This leads to different resistances of the emerging normal conducting domain and explains why the Fe-55 emitted photons lead to significantly varying pulse amplitudes [ Fig. 2 ], despite their well-defined photon energy. At this point, indirect detection events originating from photons absorbed in the substrate close enough to the interface of the meander cannot be excluded. However, estimates of the absorption probability in 100 nm Nb and of the detection efficiency let us conclude that direct detection events dominate.
Nevertheless, we expect that two absorbed photons with different energies on average deposit different amounts of energy in the meander, therefore leading to different average sizes of normal conducting domains. Strikingly, Fig. 2 shows an amplitude distribution which depends significantly on A V . Since the detector operates in a single-photon detection mode, this dependence can be attributed to the variation of the photon energy spectrum by A V .
In order to demonstrate the correlation between the recorded pulse heights and the emission spectrum of the X-ray tube we have overlaid the spectrum (dashed red line, top and We note that a certain pulse amplitude variation has also been observed for superconducting stripline detectors from 40 nm thick niobium films detecting molecules with keV-energies, 9 where it was ascribed to supercurrent variations among parallel striplines and multiple impact events.
In conclusion, our results show that ultrafast dark-count-free X-SNSPDs from 100 nm thick niobium can be fabricated which can operate in a large spectral range. Using a hot-spot model, the X-ray photon detection capability at very low reduced bias currents is explained.
The small resistance of the normal conducting domains leads to significant variations in the pulse amplitude, which are susceptible to the photon energy spectrum. This raises the 
